Bunch Compression

Paul Emma
SLAC

17th Advanced Beam Dynamics Workshop on
Future Light Sources

Introduction

2nd order effects
Wakefields

* CSR and ISR limitations

* Low-charge LCLS option
NLC optimization example




Magnetic Bunch Compression (y >> 1)
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- Compressor Design Issues

Types of compressors (chicane, wiggler, arc, ...)
Linearity (RF and optics)

Pulse-to-pulse jitter sensitivity

R} phasing and acceleration efficiency

[Longitudinal wakefields (geometric, resistive, ...)
Transverse wakefield minimization with short bunches
Energy spread limitations (final and intermediate)
Synchrotron radiation (emittance and energy spread)
Space charge effects (emittance and energy spread)
Reasonable dispersion (beam size) in compressor

Cost optimization of compressor system (RF & magnets)
What color to paint magnets...



Single-Stage Bunch Compression
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Two-Stage Bunch Compression

yg | a, Q, —
[ L (- [
%, o, Tz, Iz

%3 %5 93 s

Even linear equations are messy - wakes require tracking calculations
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21 Order Compression Limitations

For chicane or wiggler (any ‘non-focusing” compressor), the path length...
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Now add 2" order term of sinusoidal rf accelerating voltage...
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For r < 0 (chicane: r = =3/2) and for an accelerating phase, the RF
curvature and Ty always add together to limit minimum bunch length...

SOLID: 2™ —order, DASH: linear
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Decelerating phase can be used to compensate T4, but not practical in
low energy compressors (used in NLC and possibly TESLA Collider)...
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Example of 2™
Order Effects

R56

tuned properly to setup

wakefield cancellation

RSG

increased too far -

bunch folds over itself




Longitudinal Geometric Wakefield

SLAC Stucture Integrated Wake for FW Rectangular Bunch

Longitudinal point-wake:
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For a uniform temporal distribution (Az = 2V30))...
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| LCLS Example of
| Wakefield Effect

L ~600m,N = 6.25x10°, Az ~ 80 um

End of linac @ 15 GeV with
wakefield ‘OFF’

G

End of linac @ 15 GeV with
wakefield ‘ON’
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Coherent Synchrotron Radiation (CSR)

Coherent
radiation for:

-~

A.>> 0.

..from Derbenev, et. al.

Free space radiation from bunch tail at point A overtakes bunch head, a
distance s ahead of the source, at the point B which satisfies...

s =arc(AB)—|AB| = RO—2Rsin(82) =~ RG>/24
and for s = ¢, (rms bunch length) the overtaking distance is...

L, =|AB| ~ (240.R?)"3, (HERA: L,>100 m, LCLS: L, ~ 1 m)




AE/E

| CSR Effects — Bunch Energy Gradient

Charge distribution
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Energy spread in bends causes
transverse position spread after
bends = x-emittance growth

radiation in bend

Rs(8) = Ox/06(s), Ry(s)=0x706(s) T

Ax = R, (s)AE/E

A2 = IR (s) do./d
(Ax*) J ds 16(8) dos/as Ax’= R,(s)AE/E

(Ax "2 = [ dsR,(s) dog/ds

£ = 57 + & {(A) + [@ (A2 + B(AXDIP}/P



CSR in last bend of chicane (shortest and ~constant o) using steady-
state fields...
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For small Ag/g,, symmetric beta-functions, and same bend, L, and
drift, AL, lengths...
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R, of same chicane, for #<<1, given by...

Rsg ~ nzgz[m: + %LBJ = -gezL

Substitute 82L from above into previous expression for Ag/g, ...
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Above is upper limit on chicane |Rg| such that CSR normalized
emittance increase is < Ag,.

Bunch length and energy spread after single stage compressor...
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and solve for the energy spread in terms of the tolerable Ag, ...
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‘ APS example of CSR lower limit on chicane energy I

E, =40 MeV,0, =0.1%, 0 =650 ym, o _= 150 pm, N = 6.25x10°
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For a fixed CSR
emittance increase
(Agy,=0.5 ym), a
chicane located at
higher energy reduces
the necessary
correlated energy
spread required for
compression.

O5< 2% =
E, > ~100 MeV

b=13x10">?*m?
Ag, <<,



CSR Emittance Growth Reduction and Cancellation Usmg

Balanced Double Chicane

AE/E
AE/E

AE/E ~0%3/ 543




[SR Emittance Growth for Chicane

[ncoherent synchrotron radiation (ISR) increases at high energies
and dilutes the ‘slice’ emittance...
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For, symmetric beta-functions, the eftfect is minimum when...

As 3006619
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And from previous slides, substituting R for &...
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Total chicane length, L, has lower limit set by tolerable Ag, .

-

LCLS BC2 at E = 6.00 GeV and Ad'g, = 1% requires L > 14.3 m ¥
LCLS BCI at E=0.28 GeV and Ag'g, = 1% requires L 2 0.06 m|



- Low Charge LCLS Options

Examine compression modifications of low charge proposal for
LCLS (Pellegrini, Ding, Rosenzweig)...

[njector emittance and bunch length scaling with charge, Q ...

ve ~ (1.45 4m)-~/0.38-0[nCT * +0.095- O[nCF >
o, ~(0.63mm)- Q[nC]l 3

-;wsz:a 1 m(1nC)— 0.2 tm (0.1 nC)
o, = 700 gm (1 nC) — 325 zm (0.1 nC)

« Same final bunch length at 1.0 nC and 0.1 nC

* No wakefield left to cancel correlated energy spread in undulator

* Run L2 phase nearer crest to minimize correlated energy spread

« Shorter bunch of injector reduces chicane requirements

« Other wakefields (resistive, transverse geometric, etc.) ~eliminated

« Shorter bunch also reduces energy spread in linacs which ~restores
quadrupole alignment tolerances (w.r.t. smaller emittance)



Preliminary study shows that 0.1 nC LCLS operation can be

handled without design modifications to compressor systems.

fact, most challenges are significantly eased.

Operational modifications...

pdrameter

- [njector bum.:hmlenglh
[njector emittance (rms)

| R of 17 chicane

| RF phase of linac-2

Bunch length in linac-2

Energy spread m linac-2

" )
Rs, of 2™ chicanes

Final bunch length

| Final energy spread

‘symbol | Q=1nC | @=0.1nC |
a, | 710 330 |
e |10 02
Rse. 3 -33
02 - 35 222
o 290 100
(Gn) | | 0.3
Rssa | -29 -34
oy | 24
i q 03 (.04

units
Hm

Him

deg

Hm
{3’)}0

mm

Hm
%

In

The 1-nC parameters are from a recent design (i.e. not from the

LCLS Design Study Report). All other parameters are ~unchanged.



CSR emittance growth in BC1 1s similar. ..
2 gl0 53 2 83
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CSR emittance growth in BC2 is maybe reduced...
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[SR emittance growth in BC2 1s similar (only due to new, lower energy)...

Ag o ‘ Rsq JS > = 45GeVY (1 Mmoo
L A By .

(Quadrupole alignment tolerances in Linac-2 are slightly eased...

[ I| 0
Axf~ Y€ 550 g - [2AT [ L ]t?ﬂ;ﬂn

Transverse wakefield generated emittance growth in linac-2 1s reduced...

Al 2 §
Ae| NP0, g, [ 1pm }_[D_IHC) (mﬂm]{l%
€ ), £ 0.2 tm InC 300 zm

« Ty non-linearity of BC1 reduced to near insignificance (short bunch in Linac-1)

Charge jitter tolerance reduced significantly (777 Timing jitter 777)

Undulator wakefields reduced by a factor of 10,



Two-stage compression required to achieve final bunch length with
reasonable jitter tolerances and reduced space charge ettects...
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| 2) Best arc energy ’?_
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With each k; defined as...

27
k; = )Lh -G, L, sin g

With ¢, chosen for Ty, compensation (as described earlier) the Ry,
(o) of lhe arc is then explicitly given by...

E((M -1)4,
27GH Ly (Sin @

The Ry of the arc is related to the arc length. L,. the number of
FODO-cells, N,. and the x-phase advance per cell, . as ...

le

ﬂ'zLa B
4N?sin?(u 2)
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And the ISR emittance growth of the arc is appmximatel}-'

6_5
5y£~_a{5__{;__(:05(y 2)
8N2L p?sin’(u 2)

with p as an arc dipole packing tactor (~0.7).



The energy at the BC2 chicane is (E, < E, for decelerating phase)...
E2 = EI -+ GZLE COS¢r

and the R4 of the chicane is related to that of the arc by...

_ab
JWE ]

which sets the total chicane length at...

tflf2=

27
- 130aE a; °
‘ Ag,.

o, x5mm= o, = 05mm= o, =90 m|

The significant free parameters are the arc-energy, £}, and the length
of the post-arc X-band RF section. L,. |
These are chosen by a cost optimization including [) cost per meter
of X-band RF, 2) cost per meter of arc, 3) cost per arc FODO-cell.
and 4) cost per meter of chicane ...

Cost ~A L, +BL,+CN, +DL,



Cost versus L2 length
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Summary

* Many de31gn pOSSlbllltlBS ex1st |
| * 2nd order compensatlon posmble (hlgh energy)
. J1tter sensnmty n:unmnzatlen can force mult1ple stages

» Wakefield must be cen51dered and can be used to
remove correlated energy spread .

. Desagns ex1st to reduce synchrotron radlatlen effects
. Low charge loeks favorable for accelerator and EEL

. Some scahng laws avallable for cost and performance
optumzatlon ' |




